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FIELD OF THE INVENTION 

[0001] The present invention relates to an apparatus and method for 
adjusting the gain and integral time parameters of a proportional-integral controller. 
More specifically, the present invention relates to an apparatus and method for 
adjusting the gain and integral time parameters of a proportional-integral controller in 
response to patterns in a feedback signal representative of a controlled variable. 

BACKGROUND OF THE INVENTION 

[0002] Single-loop feedback controllers ("controllers") are commonly 
employed to maintain temperature, humidity, pressure, and flow rates for heating, 
ventilating, and air-conditioning equipment. For example, in an air conditioning system, 
a controller may be used to control the flow of chilled water through a cooling coil. In 
such a system, the controller adjusts the water flow rate based on a feedback signal 
indicative of the temperature of the air discharged from the coil (the "controlled 
variable"). The feedback signal is generated by a sensor disposed to monitor the 
controlled variable. 

[0003] The object of such controllers is to control the system in such a 
way as to maintain the controlled variable, as sensed by the feedback signal, at a 
desired level (the "setpoint"). For example, the controller of an air conditioning system 
attempts to maintain the temperature of the air discharged from the system at a specific 
level. When the actual temperature of the discharged air deviates from the desired 
temperature, the controller must appropriately adjust the flow of the chilled water to 
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bring the actual air temperature back in line with the desired air temperature. Thus, if 
the feedback signal indicates that the actual air temperature is colder than the desired 
temperature, the controller will cause the flow rate of chilled water to decrease, which 
will cause the actual temperature of the discharged air to increase. Likewise, if the 
feedback signal indicates that the actual air temperature is warmer than the desired 
temperature, the controller will cause the flow rate of chilled water to increase, which will 
cause the actual temperature of the discharged air to decrease. 

[0004] An ideal feedback control system would be able to maintain the 
controlled variable at the setpoint based only on the feedback signal. However, actual 
feedback control systems require additional inputs known as control parameters. 
Control parameters are values used by a controller to determine how to control a 
system based on the feedback signal and the setpoint. 

[0005] One commonly used method for controlling a closed loop system, 
known as proportional plus integral control (PI), requires two control parameters: 
proportional gain and integral time. Since these two control parameters directly affect 
the performance and stability of a PI controller, it is important to determine the 
appropriate values of these parameters. However, the appropriate values for these 
parameters may change over time as the system is used. For example, the dynamics 
of a process may be altered by heat exchanger fouling, inherent nonlinear behavior, 
ambient variations, flow rate changes, large and frequent disturbances, and unusual 
operations status, such as failures, startup and shutdown. The process of adjusting the 
control parameters of a controller to compensate for such system changes is called 
retuning. If a controller is not retuned, the control response may be poor. For example, 
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the controlled variable may become unstable or oscillate widely with respect to the 
setpoint. Thus, to insure adequate performance, controllers should be periodically 
retuned with new control parameter values. 

[0006] The various tuning methods which have been developed to 
determine the appropriate values of the control parameters for PI controllers fall into 
three general categories. These categories are: manual tuning, auto-tuning, and 
adaptive control. Manual tuning methods require an operator to run different test or trial 
and error procedures to determine the appropriate control parameters. Manual tuning 
methods have the obvious disadvantage of requiring large amounts of operator time 
and expertise. Auto-tuning methods require an operator to periodically initiate tuning 
procedures, during which the controller will automatically determine the appropriate 
control parameters. The control parameters thus set will remain unchanged until the 
next tuning procedure. While auto-tuning requires less operator time than manual 
tuning methods, it still requires operator intervention. Further, during the interval 
between tunings, the controller may become severely out of tune and operate poorly. 
With adaptive control methods, the control parameters are automatically adjusted during 
normal operation to adapt to changes in process dynamics. Thus, no operator 
intervention is required. Further, the control parameters are continuously updated to 
prevent the degraded performance which may occur between the tunings of the other 
methods. 

[0007] There are three main approaches to adaptive control: model 
reference adaptive control ("MRAC"), self-tuning control, and pattern recognition 
adaptive control ("PRAC"). The first two approaches, MRAC and self-tuning, rely on 
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system models which are generally quite complex. The complexity of the models is 
necessitated by the need to anticipate unusual or abnormal operating conditions. 
Specifically, MRAC involves adjusting the control parameters until the response of the 
system to a command signal follows the response of a reference model. Self-tuning 
control involves determining the parameters of a process model on-line and adjusting 
the control parameters based upon the parameters of the process model. 

[0008] With PRAC, parameters that characterize the pattern of the 
closed-loop response are determined after significant setpoint changes or load 
disturbances have occurred. The control parameters are then adjusted based upon the 
characteristic parameters of the closed-loop response. Some known pattern recognition 
adaptive controllers require an operator to enter numerous control parameters before 
normal operation may begin. The more numerous the operator selected control 
parameters, the more difficult it is to adjust the pattern recognition adaptive controller for 
optimal performance, and the longer it takes to prepare the pattern recognition adaptive 
controller for operation. 

[0009] Significant advances in the art have been disclosed in commonly 
owned U.S. Patent Nos. 5,355,305 and 5,506,768, the entire contents of which are 
incorporated herein by reference. U.S. Patent Nos. 5,355,305 and 5,506,768 (the '305 
and '768 patents) provide for a pattern recognition adaptive controller with fewer 
operator-specified control variables than are required by other known pattern 
recognition adaptive controllers. The '305 and '768 patents further provide for a pattern 
recognition adaptive controller with improved performance, and particularly one which 
performs in a near-optimal manner under a large amount of noise. The '305 and '768 
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patents further provide for a pattern recognition adaptive controller with a variable tune 
noise band which adjusts automatically to different noise levels in the process. The 
'305 and 768 patents also provide for a pattern recognition adaptive controller which 
efficiently controls a process with a reduced number of actuator adjustments, and 
therefore reduced energy costs, by decreasing oscillations for the controlled variable 
signal. The '305 and 768 patents further provide for a robust pattern recognition 
adaptive controller that performs relatively secure control without constraining the 
values of its parameters to a predetermined range. The '305 and 768 patents also 
provide for a pattern recognition adaptive controller with reduced resource 
requirements, and more particularly, which requires less memory and less 
computational power than previous pattern recognition adaptive controllers. 

[0010] While the inventions disclosed in U.S. Patent Nos. 5,355,305 and 
5,506,768 represent significant advances in the art, it is desirable to provide a further 
improved method for automatically adjusting the gain and integral time of proportional- 
integral controllers based upon patterns that characterize the closed-loop response. In 
particular, it is desirable to provide a pattern recognition adaptive controller that does 
not detune when there are periodic load disturbances. It is also desirable to provide a 
pattern recognition adaptive controller that does not detune when the controller gain is 
extremely large compared to an optimal value. Finally, it is desirable to provide a 
pattern recognition adaptive controller that does not detune undersized systems that are 
started repeatedly. 
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SUMMARY OF THE INVENTION 

[001 1] The present invention provides an improved apparatus and method 
for adjusting the gain and integral time parameters of a PI controller in response to 
patterns in a feedback signal representative of a controlled variable. An exemplary 
embodiment of the present invention provides a method of dynamically adjusting the 
control parameters of a proportional gain and integral time controller disposed to control 
an actuator affecting a process. The method comprises sampling a feedback signal 
representative of a controlled variable of the process to generate a sampled signal, 
generating a smoothed signal based on the sampled signal, determining an estimated 
noise level of the sampled signal, determining if control output and process output are 
oscillating quickly based on predefined criteria, adjusting the gain used by the controller 
if the control output and process output are oscillating quickly, and utilizing the adjusted 
control parameters to control the actuator, thereby causing the controller to affect the 
process. 

[0012] Another embodiment of the present invention provides an 
apparatus for dynamically adjusting control parameters of a proportional gain and 
integral time controller disposed to control an actuator affecting a process. The 
apparatus comprises means for sampling a feedback signal representative of a 
controlled variable of the process to generate a sampled signal, means for generating a 
smoothed signal based on the sampled signal, means for determining an estimated 
noise level of the sampled signal, means for determining if control output and process 
output are oscillating quickly based on predefined criteria, means for adjusting the gain 
used by the controller if the control output and process output are oscillating quickly, 
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and means for utilizing the adjusted control parameters to control the actuator, thereby 
causing the controller to affect the process. 

[001 3] Another embodiment of the present invention provides a method of 
dynamically adjusting the control parameters of a proportional gain and integral time 
controller disposed to control an actuator affecting a process. The method comprises 
sampling a feedback signal representative of a controlled variable of the process to 
generate a sampled signal, generating a smoothed signal based on the sampled signal, 
and determining an estimated noise level of the sampled signal. In addition, the method 
comprises determining whether a pattern is insignificant based on a setpoint and tune 
band and whether the control output is saturated, determining a new gain and a new 
integral time and setting the gain and integral time of the controller to the new gain and 
new integral time if the pattern is not insignificant and the control output is not saturated, 
and utilizing the adjusted control parameters to control the actuator, thereby causing the 
controller to affect the process. 

[0014] The present invention further relates to various features and 
combinations of features shown and described in the disclosed embodiments. Other 
ways in which the objects and features of the disclosed embodiments are accomplished 
will be described in the following specification or will become apparent to those skilled in 
the art after they have read this specification. Such other ways are deemed to fall within 
the scope of the disclosed embodiments if they fall within the scope of the claims which 
follow. 
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DESCRIPTION OF THE FIGURES 

[0015] FIG. 1 is a block diagram illustrating the components of a closed 
loop feedback system according to an exemplary embodiment. 

[0016] FIG. 2A is a block diagram illustrating a pattern recognition 
adaptive controller according to a preferred embodiment. 

[0017] FIG. 2B is a block diagram illustrating a pattern recognition 
adaptive controller according to alternative embodiment. 

[0018] FIG. 3 is a flow diagram illustrating the manner in which the 
controller of FIG. 1 may be implemented for dynamically adjusting control parameters 
according to an exemplary embodiment of the present invention. 

[0019] FIGS. 4A, 4B and 4C show signals used to determine features 
for setpoint changes with overshoot in accordance with the flow diagram of FIG. 3. 

[0020] FIGS. 5A, 5B and 5C show signals used to determine features 
for load disturbances in accordance with the flow diagram of FIG. 3. 

DETAILED DESCRIPTION 

[0021] Before explaining a number of preferred, exemplary, and 
alternative embodiments of the invention in detail it is to be understood that the 
invention is not limited to the details of configuration and the arrangement of the 
components set forth in the following description or illustrated in the drawings. The 
invention is capable of other embodiments or being practiced or carried out in various 
ways. It is also to be understood that the phraseology and terminology employed herein 
is for the purpose of description and should not be regarded as limiting. 
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[0022] FIG. 1 shows the hardware configuration of a closed-loop PI 
control system 10 embodying the present invention. System 10 generally includes a PI 
controller 20, an actuator 28, a subsystem 32 which controls a process, and a sensor 
36. Controller 20 is coupled to actuator 28 through a digital to analog converter 24, and 
to sensor 36 through an analog to digital converter 40. 

[0023] Actuator 28 is disposed to affect the operation of subsystem 32. 
For example, subsystem 32 may be an air conditioning subsystem for which actuator 28 
controls a valve through which chilled water passes. Sensor 36 is disposed to monitor 
the controlled variable of subsystem 32, which is affected by actuator 28. For example, 
sensor 36 may be a thermometer disposed to monitor the temperature of air that is 
discharged from subsystem 32. Sensor 36 transmits a signal representative of the 
controlled variable (temperature) to analog to digital converter 40. This controlled 
variable signal is preferably filtered by an anti-aliasing filter to remove high frequency 
signals as understood to those skilled in the art. Analog to digital converter 40 samples 
the filtered controlled variable signal and transmits a sampled feedback signal to 
controller 20. Controller 20 compares the sampled feedback signal to a setpoint 46, 
which is representative of the desired value of the controlled variable, to determine the 
extent to which the controlled variable has diverged from setpoint 46. Such divergences 
may be caused by setpoint changes or load disturbances. Based on that comparison, 
controller 20 determines how actuator 28 should respond to cause the controlled 
variable to return to setpoint 46. Once the appropriate response is determined, 
controller 20 generates a control signal through digital to analog converter 24 to 
actuator 28. According to alternative embodiments, instead of using digital to analog 
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converter 24, any other type of output device may be used. For example, a pulse 
modulation adaptive controller may be substituted in place of digital to analog converter 
24. In response to the control signal, actuator 28 appropriately alters the operation of 
subsystem 32. During this procedure, the control parameters of controller 20 are 
retuned to compensate for any changes in the process. Preferably, the new PI values 
are chosen to minimize the integrated absolute errors between setpoint 46 and the 
controlled variable. 

[0024] A crucial factor in the efficiency and performance of system 1 0 is 
the accuracy with which controller 20 determines the new PI values after any given 
disturbance. A pattern recognition adaptive controller implemented in accordance with 
the present invention makes this determination by characterizing the closed loop 
response, as the response is reflected in the sampled feedback signal. 

[0025] FIG. 2A shows pattern recognition adaptive controller 20 
according to a preferred embodiment of the present invention. According to this 
embodiment, controller 20 internally incorporates the hardware and software required to 
implement the pattern recognition adaptive control process. The hardware may include 
a microprocessor 42 and memory 48. Microprocessor 42 includes an adder 44 and a 
comparator 46 and operates according to program instructions stored in memory 48. 
Memory 48 may be ROM, EPROM, EEPROM, RAM, or flash loaded with the 
appropriate instructions, or any other digital information storage means. 

[0026] FIG. 2B shows an alternative embodiment of the present 
invention. According to this embodiment, the process of determining optimal control 
parameter values is implemented by an external processing unit 62, such as a personal 
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computer. The processing unit 62 is connected to a PI controller 60 through an 
interface 64, such as a serial port. The processing unit 62 receives the control signal 
generated by controller 60 via a line 66 and the feedback signal from sensor 36 via a 
line 68. Based on these signals, processing unit 62 determines the optimal control 
parameters for controller 60. These parameters are then transmitted to controller 60 
through interface 64. External processing unit 62 may be connected to controller 60 to 
provide continuous parameter retuning, or may be connected thereto from time to time 
to provide retuning on a periodic basis. When processing unit 62 is not connected to 
controller 60, the operating parameters of controller 60 remain constant at the values 
generated by processing unit 62 during the most recent retuning operation. A more 
detailed description of a preferred embodiment of the present invention will now be 
made with reference to FIG. 3. 

[0027] Fig. 3 is a block diagram for a system 100 (known as "PRAC+") 
in accordance with a preferred embodiment of the present invention. The 
implementation of system 100 generally comprises block 101 for smoothing the 
sampled feedback signal and estimating a noise level, block 103 for determining if the 
control output and process output are oscillating quickly, block 105 for determining 
whether a significant load disturbance has occurred, block 107 for characterizing a 
closed loop response, block 1 09 for determining whether a pattern is insignificant and 
whether the actuator is saturated, block 1 1 1 for determining a new gain and new 
integral time, and block 104 for decreasing gain. 
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[0028] In block 101 , a smoothed signal is estimated from the sampled 
feedback signal 102 provided by A/D converter 40. The smoothed process output is 
determined from: 

Vt-2 = ^ (~H + 24y t _! + 34y t _ 2 + 24 % _ 3 - 6%_ 4 ) (1 ) 

where y t _ 2 is the estimate of the process output at time t - 2 , y t is the process output at 
time t , y t _ x is the process output one time period prior to time t , y t _ 2 is the process 
output two time periods prior to time t , y t _ 3 is the process output three time periods 
prior to time t , and y ( _ 4 is the process output four time periods prior to time t . Equation 
(1) is based on fitting a quadratic function through five evenly spaced points. The 
smoothed estimate of the slope s t _ 3 of a signal three time periods prior to time t is 
determined with: 

= Tj^r (3% + 2%_! + y t _ 2 - y t _, - 2y t _ 5 - 3%_ 6 ) (2) 
where T is the sampling period for PI Controller, y t _ a is the process output five time 
periods prior to time t , and %_ 6 is the process output six time periods prior to time t . 
Equation (2) is based upon fitting a quadratic function through seven points. Block 101 
uses an estimate of process noise to determine a tune band and a signal-to-noise ratio. 
The estimate of the process noise at time t is determined from the exponential weighted 
moving average ("EWMA") 

^=^ t -i+Mfe-2/ t |-*Vi) ( 3 ) 
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where n t _ x is the previous noise estimate and A is a smoothing constant that equals 
0.001. A convenient method for starting up the EWMA is to recursively compute the 
average n t for the first 1/X samples with: 

n t = n t _ x + i (\y t -y t \- n t _ x ) (4) 

where r is a running index on the number of sampling periods used in the noise 
estimate. 

[0029] In block 1 03, a determination is made whether the control output 
and process output are oscillating quickly. Large and quick oscillations in the control 
output and process output can be caused by excessive values for the controller gain. 
To determine if the control output and process output are oscillating quickly, block 103 
determines the following features (e.g., predefined criteria) from 12 samples of the error 
and control output: number of extremes for control signal and error, maximum value of 
low extremes for control signal and error, and minimum value of high extremes for the 
control signal and error. The error e equals the difference between the setpoint and 
process output and is determined from: 

e = y se t - V ( 5 ) 
where y set is the setpoint. The following rules are used to identify extremes in the error: 

IF e,_, > e, and e, , > e, 2 THEN e t , is high extreme 

(6) 

IF e t _j < e t and e M < e u2 THEN e t _ x is low extreme 
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where e t is the error at time t , e t ^ is the error at one sampling period prior to time t , 
and e t _ 2 is the error at two sampling periods prior to time t . Similar rules are used to 
determine extremes in the control signal. 

[0030] Block 1 03 uses the following rule to determine if the error and 
control signal have fast oscillations: 

IF K W e™ ^ 4 and n mremeu > 4 and 

max{e iow j,e /ow2 ,...} < 0 and mm{e highi ,e highfi ,...} > 0 and ^ 
(minK sM ,%, i2 ,...} - maxK^,^,--}) > O.l^ - u mn )} THEN 
fast oscillations in error & control signal 
where n extreme erTor is the number of extremes in the error, n exlTeme u is the number of 

extremes in the control signal, e (ow l is the first low extreme in the error, 2 is the 
second low extreme in the error, e highl is the first high extreme in the error, u highl is the 
first high extreme in the control signal, u high 2 is the second high extreme in the control 
signal, u lgw>1 is the first low extreme in the control signal, u hw 2 is the second low extreme 
in the control signal, u max is the maximum value of the control signal, and u mm is the 
minimum value of the control signal. 

[0031] If the process output and control signal are oscillating quickly as 
determined from rule (7), then the ratio of new controller gain (K new ) to present 
controller gain (K) is determined from: 

K new =1 _q 5 ( min K gM ; *W, 2 , ■ • •} - maxK w £ , u low2j ...} 
K { u max - u min 

[0032] At times, random noise can cause a fast oscillation to be 
incorrectly identified. To slow down the adjustment of gain in the presence of random 
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noise, the 1 1 historical values for the error are set to zero after fast oscillations in the 
process output and control signal are identified. If the control output and process output 
are not oscillating quickly, system 100 advances to block 105. If the control output and 
process output are oscillating quickly, a new gain value is determined at block 104 
according to equation (8) above. 

[0033] At block 105, system 100 characterizes the closed loop response 
after a large setpoint change or load disturbance has occurred. A setpoint change 
greater than the tune band is considered large. If the pattern for a setpoint change is 
not being characterized, then block 105 searches for large load disturbances. A load 
disturbance is considered large when the smoothed process output is greater than the 
setpoint plus tune band for two consecutive samples, or the smoothed process output is 
less than the setpoint minus tune band for two consecutive samples. The tune band 
T bmd is determined from: 

T iand = max{5Mn v T band>nin } (9) 
where n, is the average noise level as determined from equations (3) and (4), and 

T bandmin is a minimum tune band. The constant 5.33 was determined from optimizations 
that were designed to minimize the integrated absolute value of the error for a wide 
range of systems as is known in the art. The minimum tune band T bandmm can be 
estimated with: 

T band , mm = max {4P rmge R D _ A , <LS range R A _ D } (10) 
where P range is the maximum expected range of the process output, R D _ A is the 
resolution of the digital to analog converter, S range is the sensor range, and R A _ D is the 
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resolution of the analog to digital converter. The minimum tune band prevents system 
100 from tuning limit-cycle oscillations caused by quantization. If no large setpoint 
change or load disturbance occurs, the gain and integral time remain the same. If there 
is a large setpoint change or load disturbance, system 100 advances to block 107. 

[0034] At block 1 07, system 1 00 characterizes the closed loop response 
by determining the following seven features from the control signal, smoothed process 
output and slope of the process output: low controller output {u ha ), high controller 
output {u hlgh ), low smoothed process output (y low ), high smoothed process output {y high ), 
oscillation ratio (</> ), closed loop response time (6), and an indication of overshoot. The 
oscillation ratio is a measure of the amount of oscillation; the closed loop response time 
is a measure of the speed of response; and an overshoot indicator is used to signify the 
presence of overshoot. Rules and equations are needed to determine the features for 
both load disturbances and setpoint changes and for different types of responses, e.g., 
underdamped, overdamped, and unstable response types. Next, a method for 
determining key signals and features following a setpoint change and load disturbance 
is described. Then, the procedure for generating the oscillation ratio, closed loop 
response time, and overshoot indicator from the key signals is described. 

[0035] An exemplary method for extracting key signals and features 
following setpoint change at block 107 will now be described with reference to FIGS. 
4A-4C The method begins with a search for the low 201 and high 203 control signals 
(u low and u high ). The search is initiated at the time of the setpoint change 205. The 
initial values for the low and high values of the smoothed process output (y loa ,y high ) are 

set equal to the old setpoint (y seti0ld ). Also, the associated times {t yiow A Jhigh ) are set e Q ual 
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to the time of the setpoint change. The method continues searching for signals 
(iiiow ' Vhigh • tj^i ^ ) a ^ eT tne smoothed process output exceeds an upper threshold equal 
to the smoothed process output at the time of the setpoint change plus the tune band. 
Also, the search for low and high values of the slope {s^s^t^t^ ) and sign 

changes in the slope begins after the smoothed process output exceeds the upper 
threshold. The method stops searching for signals after the slope changes sign two 
times, or the time since the setpoint change equals 60 times the sampling period for the 
PI controller, whichever occurs first. 

[0036] Due to limited resolution of the analog to digital converter, the 
slope estimate may equal zero for a number of samples. It is important to detect a 
single sign change when the slope goes from a positive value to zero, and then from 
zero to a negative value. The following rule is used to identify a sign change in the 
slope: 

IF s t < O) OR (s^ * 0 and s t = 0) THEN sign change in slope (11) 
where s t and s t _ Y are the current and previous estimate of the slope, respectively. 

[0037] If the search for the signals and sign changes in the slope would 
begin before the smoothed process output exceeded the upper threshold, then the first 
sign change would be incorrectly identified and the oscillation ratio would have a wrong 
value. Thus, to prevent incorrect determination of features after an increase in setpoint, 
the search for signals from the process output and slope should begin after the 
smoothed process output exceeds an upper threshold. Following a decrease in 
setpoint, the search for signals begins after the smoothed process output is less than a 
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lower threshold equal to the smoothed process output at the time of the setpoint change 
minus the tune band. The seven features are determined when the second sign change 
is identified, or the time since the setpoint change equals 60 T . 

[0038] Referring now to FIGS. 5A-5C, an exemplary method will be 
described for searching for load disturbances when not determining features for a large 
setpoint change. A load disturbance is considered large when two consecutive samples 
of the smoothed process output are greater than the setpoint plus tune band, or two 
consecutive samples are less than the setpoint minus the tune band. At the time of the 
load disturbance, the method begins searching for low and high control signals and sign 
changes in the slope. After the first sign change is identified, the search for the 
following signals begins: y^y^t^t^J^s^t^t^ . The search for these signals 

stops after the slope changes sign three times, or the time since the load disturbance 
change is 75 times the sampling period, whichever occurs first. 

[0039] If the slope does not change sign and the time since the load 
disturbance change is 75 times the sampling period, then the following equations are 
used to determine the low and high values for the smoothed process output: 

Vbm = min{y tt+74 ,y ti+7 J (12) 

high = maX {^ l+ 74.^ + 75} ( 13 ) 

where y h+7i and y k+75 are the smoothed process output 74 and 75 time periods after 
the load disturbance was identified, respectively. The indication of overshoot, oscillation 
ratio (<j> ), and closed loop response time (9) are determined from the setpoint (y set ) and 
the following signals: y hw , y lligh , , , s hw , s m , , and . 
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[0040] Overshoot is determined by comparing the low and high values 
for the smoothed process output with the setpoint [y sei ). There is no overshoot if the 
low value is greater than the setpoint (y hw > y set ), or if the high value is less than the 
setpoint (y high <y set ). 

[0041] The oscillation ratio is set to zero if any of the conditions in Table 
1 (shown below) are satisfied. The first three conditions are designed to detect a 
sluggish closed loop response for a low noise system. The fourth condition is designed 
to detect a sluggish response for a system with a large amount of noise. The last three 
conditions are designed to detect a sluggish response for systems that have periodic 
load disturbances. 

Table 1 Conditions where oscillation ratio equals zero. 
Condition 

Number Condition Comment 

1 Si™ and Shigh not determined Sluggish response 

2 s to «. ^ 0 Sluggish response 

3 h, S h < u Sluggish response 

4 No overshoot & (y lagh - y low ) < 2 T band Sluggish response & noisy 

No overshoot & t > t - p* ~ Vset > 0.5 01 . t „ . A . J . , 

5 im y ta j _ | Sluggish & periodic disturbance 



6 



No overshoot & t-^ > & pfes — hsU > 0.5 Sluggish & periodic 
\Vhigh -Vset] disturbance 



j No overshoot for three consecutive Sluggish & periodic 

patterns disturbance 



[0042] If none of the conditions in Table 1 are satisfied, then the 
oscillation ratio and closed loop response time are determined from: 
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0 = 



mm 




when > t h 



(14) 



min 



1, 



when t > t. 



e 




high 



(15) 



where 0 is the oscillation ratio, 6 is the closed loop response time, s low and s high are the 
low and high estimates of the slope, respectively, and y low and y high are the low and 
high estimates of the process output, respectively. 



109 determines if there is an insignificant pattern or if the controller output is saturated. 
To prevent the control system from detuning, the controller parameters are not updated 
when there is an insignificant pattern. Block 109 considers a pattern insignificant when 
the controller output makes a small change and the smoothed process output goes 
between the setpoint plus tune band and the setpoint minus tune band at least once 
during the time that the pattern is being characterized. The change in controller output 
is determined by subtracting the low controller output from the high controller output. A 
change in controller output is considered small (or insignificant) if it involves a move of 
less than five percent of the range of the controller output. The range of the controller 
output is equal to the upper limit for the control signal minus the lower limit for the 
control signal. Thus, the following rule is used to determine if pattern is considered 
insignificant: 



[0043] After block 107 characterizes the closed loop response, block 
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IF y htgh > (y set - T band ) and y low < {y set + T band ) and 
\ u high ~ u iow) < 0-05 (w mai - u min ) THEN pattern is insignificant 

[0044] As indicated previously, the output of the PI controller can 
become saturated (e.g., have a continuous output of 0% or 100%) after a large 
disturbance in which the load exceeds the range of the process. Also, the controller 
output can saturate if system 100 does not have knowledge that the PI controller is in a 
manual mode of operation. If the controller output saturates and the load cannot be 
met, then the gain and integral time of the PI controller are not updated because the 
controller is doing all it can to move the process output towards setpoint. The strategy 
of not updating the controller parameters when the controller output saturates is 
analogous to anti-reset wind-up strategies for controllers with integral action. 

[0045] Block 1 09 uses the following procedure to detect a saturated 
controller output. First, the low and high signals for the controller output are recorded 
during the time period that the patterns are being characterized. Second, the following 
rule is used to determine if the controller output is considered saturated: 

IF Ke > 0 and u low > (0.05u min + 0.95w mm ) 

OR Ke < 0 and u high < (0.95ti mm + 0.05w mm ) (17) 
THEN controller output is saturated 

where K is the controller gain and e is the error. 

[0046] The following rule in block 1 09 prevents system 100 from slowly 

detuning undersized capacity systems that are frequently restarted: Set u high and u low in 

rule (17) equal to the last output of the controller for the first update of the gain and 

integral time following the initial start of system 100, or a restart of system 100. If the 
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controller output is saturated, the gain and integral time value remain the same. 
Otherwise, system 100 advances to block 111. 

[0047] At block 111, system 100 determines a new gain and integral 
time. The new value for the controller gain is determined from: 

K new = K + KK{Kt- K ) ( 18 > 
where K new is the new value for the controller gain, K is the present value for the 
controller gain, K opt is the estimate of optimal gain, A s „ is a smoothing constant based 
on the size of the present pattern relative to the tune band, and X ss is the smoothing 
constant based on the size of the present pattern relative to the size of previous 
patterns. 

[0048] The optimal gain is determined in block 1 1 1 from the oscillation 
ratio (0) using: 

K opt = #(1.2922 - 2.4940 + 4.31740 2 - 4.4524</> 3 + 1.82330 4 ) (19) 
The smoothing constant for the signal to noise ratio is determined from: 











max 


0, 


,1 






0.32 J 



where a is the signal size for the present pattern. The smoothing constant for the 
signal size ratio is one the first four times that block 1 1 1 is used to update gain and 
integral time. This allows system 100 to quickly adjust the controller parameters when it 
is first started up. If block 111 has updated the controller parameters five or more times, 
then the smoothing constant for the signal size is determined from: 
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A = min 



2.19a 



(21) 



where o is an exponentially weighted moving average of past signal sizes. 

[0049] If there has been overshoot (i.e., smoothed process output has 
crossed setpoint) in any of the last three patterns, then the signal size is determined 
from: 

a = max {y htgh , y set } - min {y hw , y set } (22) 
If there has been no overshoot in the last three patterns, then the signal size is 
determined from: 

a = max {a, T band , (max [y high , y set } - min {y low , y sei })} (23) 
[0050] The average signal size is determined from: 

^=V 1 +a(t p -v 1 ) (24) 

where a p is the average signal size based on p patterns, A is an exponential 
smoothing constant that was set to 0.05, and a p is determined from equation (22) for 
pattern p. For the first 1/A patterns, the average signal size is determined from: 

where p is a running index for the number of patterns that have been characterized. 

[0051] When the oscillation ratio is greater than 0.02, then the response 
is not sluggish and a new value for the integral time is determined from: 
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3 1 i , new =r i +A sn A M (f ii0 pt-^) (26) 

where 

f iopt = T min {30, max {2, (-3.429 + 1 .2850)}} (27) 
where \ n and A ss are determined from equations (20) and (21), respectively. 

[0052] It is important to note that the above-described preferred 
embodiments are illustrative only. Although the invention has been described in 
conjunction with specific embodiments thereof, those skilled in the art will appreciate 
that numerous modifications are possible without materially departing from the novel 
teachings and advantages of the subject matter described herein. Accordingly, these 
and all other such modifications are intended to be included within the scope of the 
present invention as defined in the appended claims. The order or sequence of any 
process or method steps may be varied or re-sequenced according to alternative 
embodiments. In the claims, any means-plus-function clause is intended to cover the 
structures described herein as performing the recited function and not only structural 
equivalents but also equivalent structures. Other substitutions, modifications, changes 
and omissions may be made in the design, operating conditions and arrangement of the 
preferred and other exemplary embodiments without departing from the spirit of the 
present invention. 
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